Adenoviruses (Ad) are a significant cause of acute respiratory, ocular, and gastrointestinal diseases in humans. These diseases are generally self-limiting; however, severe disseminated Ad infections have been noted with increasing frequency in immunocompromised patients (21) . Replication-defective Ad vectors are also currently being evaluated as vectors for gene delivery (51) . While Ad vectors have the capacity to infect a broad range of different cell types, significant challenges to the efficient use of Ad vectors for in vivo gene delivery exist (5, 51) . In particular, a lack of knowledge of the precise mechanisms by which Ad enters susceptible host cells exists. Recent studies have identified a 46-kDa host cell membrane protein (CAR) which serves as the primary receptor for Ad serotypes 2 and 5 as well as coxsackie B virus attachment to cells (4) . Ad interaction with a second receptor, ␣ v integrin, facilitates virus internalization into cells (50) . Internalization is thought to occur by clathrin-mediated endocytosis (9, 40) , a concept which is supported by recent studies of Ad uptake in cells expressing a mutant dynamin protein (49) .
Ad endocytosis also requires activation of phosphatidylinositol-3-OH kinase (PI3K) (30) . PI3K is a member of the lipid kinase family of enzymes which catalyzes the phosphorylation of PtdIns(4)P, and that of PtdIns(4,5)P 2 at the D3 position of the inositol ring. These phospholipids are thought to act as second messengers for a number of important cell processes involving activation of protein kinase B (PKB/AKT) and the small GTP-binding proteins Ras, Rho, Rac, and CDC42 (19, 26, 47) . Rho GTPases serve as molecular switches cycling between an inactive GDP-bound state and the active GTP-bound form. Ligation of both integrins and growth factors has been shown to stimulate activation of Ras or Rho GTPases and PI3K (11, 22, 23, 38) . Activation of Rac and CDC42 induces polymerization of monomeric actin, resulting in the formation of a dense meshwork of actin filaments underlying the plasma membrane. Actin-rich regions form a variety of membrane extensions known as lamellipodia and filopodia. Overexpression of constitutively active Rac promotes the formation of membrane ruffling (lamellipodia), while CDC42 elicits the extension of hairlike structures known as filopodia (31) . In contrast, activation of Rho is associated with the formation of actin-associated stress fibers (37, 41) . In each of these processes, polymerized actin filaments maintain the architecture of the surface protrusions.
A growing body of work suggests that actin assembly plays an important role in a number of important biological and/or pathogenic processes, including directed cell migration (57), axonal guidance in neuronal cells (32) , and cell invasion by a number of different bacteria (10, 20) . Recent studies have indicated that actin polymerization also facilitates clathrinmediated endocytosis (3, 29, 53) . In addition to their role in reorganizing cell actin, Rho GTPases have been shown to regulate certain mitogen-activated protein (MAP) kinase pathways following integrin or growth factor ligation (11, 22, 38) . Since earlier studies had also suggested that an intact actin cytoskeleton was required for Ad uptake and infection (40), we investigated whether assembly of the actin cytoskeleton via Ras or Rho family GTPases mediates Ad endocytosis.
MATERIALS AND METHODS
Ad, antibodies, and expression plasmids. Ad type 2 (Ad2) (American Type Culture Collection) was propagated in A549 cells and isolated by ultracentrifugation on CsCl density gradients as previously described (16) . For binding and internalization experiments, purified Ad2 virions were radiolabeled with 125 I as previously described (30) . A replication-defective Ad vector encoding ␤-galactosidase (Ad5.␤gal) (46) was grown in 293 cells. The 9E10 anti-c-Myc monoclonal antibody was obtained from Invitrogen (Carlsbad, Calif.). Polyclonal antibodies to Rac1 and CDC42 were obtained from Santa Cruz Biotech, Inc. (Santa Cruz, Calif.). Anti-H-Ras antibody was kindly provided by J. Jackson (Scripps Research Institute).
The construction of plasmids encoding wild-type RhoA containing an influenza virus HA epitope tag (pCMV/RhoA), a constitutively-active (Q63L) or dominant-negative (T19N) Rac1, and CDC42 or Ras containing a c-Myc epitope (wild type, Q61L, and T17N in pcDNA3) has been previously described (34, 55) . Effector domain mutants of Rac and CDC42 (Q61L,F37A and Q61L,Y40C) in pRK5myc (28) were kindly provided by Alan Hall (University College, London, England).
Fluorescence analysis of Ad-induced morphologic changes and actin polymerization. Subconfluent monolayers of A549 cells were grown on glass coverslips and serum-starved for 24 h by culturing in Dulbecco's modified Eagle medium (DMEM) prior to assaying actin assembly. Cells were then infected at a multiplicity of infection of 100 PFU of Ad2 per cell or were incubated with 100 ng of epidermal growth factor (EGF) (Sigma, St. Louis, Mo.)/ml at 37°C for various times. The cells were briefly washed and then fixed with 3% paraformaldehyde in phosphate-buffered saline (PBS) for 20 min. Following additional washes, the cells were permeabilized by the addition of 0.2% Triton X-100 in PBS for 2 min. The cells were then washed, and the nonspecific binding sites were blocked by incubation with 0.2% gelatin in PBS. Polymerized actin was then detected by incubation of the cells for 60 min with a 1:1,000 dilution of rhodamine-labeled phalloidin (Sigma) in PBS-gelatin. After washing the cells, the coverslips were mounted (Dako mounting solution; Carpinteria, Calif.) and examined for actin rearrangement and membrane ruffling by using an Olympus BX-40 photomicroscope.
Cell transfection, Ad internalization, and gene delivery assays. To examine the effect of Rho or Ras GTPases on virus entry, 30% confluent monolayers of SW480 cells in 100-mm plastic tissue culture plates (Costar) were transfected with 50 l of cationic lipids (Lipofectamine; GIBCO/BRL) with 10 g of plasmid DNA in accordance with the manufacturer's protocol. The transfected cells were then cultured in complete medium (DMEM) containing 10% fetal bovine serum 8 h posttransfection. Under these conditions, transient transfection efficiency in these cells was 50 to 70%, as determined by the use of a reporter plasmid (pCMV␤; Clontech). Western blotting, virus internalization, and gene delivery assays were performed 40 to 48 h posttransfection. Internalization of 125 I-labeled Ad2 into SW480 cells was quantitated by resistance to trypsin digestion, as previously described (50) . Briefly, 10 5 cpm of radiolabeled Ad2 was incubated with 10 6 cells for 60 min at 4°C. The unbound virus was removed by washing with ice-cold PBS, and the cells were warmed to 37°C for 10 min prior to trypsinization. Virus uptake was determined by dividing the percentage of trypsin-resistant counts by the total number of specifically bound counts. In certain experiments, cells were pretreated with various amounts of recombinant Clostridium difficile toxin B (25) in serum-free medium for 5 h at 37°C or in the presence of various amounts of cytochalasin D (Sigma) for 90 min prior to measuring virus internalization. For gene delivery studies, SW480 cells were incubated with various amounts of Ad5.␤gal for 48 h prior to measuring ␤-galactosidase activity in solubilized cells as previously described (30) .
Kinase assays for PAK1 and JNK/MAP kinase activation. p65/PAK1 activation was assayed as previously described (15) . Briefly, serum-starved SW480 cells were incubated with 100 PFU of Ad2 per cell for 5 to 20 min or with 10 g of insulin/ml for 5 min at 37°C. SW480 cells were also transfected with a constitutively active form (T423E) of PAK1 (45) prior to assaying kinase activity. The cells were then lysed in 50 mM Tris-HCl containing 150 mM NaCl, 0.5% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 0.25% sodium deoxycholate, 1 mM NaVO 3 , and protease inhibitors (phenylmethylsulfonyl fluoride, aprotinin, and leupeptin). Cell lysates were then electrophoresed on an 8% SDS gel containing 0.5 mg of histone-H4 (Sigma)/ml. Following separation, the gel was prefixed by soaking in 20% isopropanol in Tris-HCl (pH 7.5), and the proteins were denatured by incubation in 6 M guanidine (pH 7.0) for 2 h and then renatured in 50 mM Tris-HCl (pH 7.5) containing 5 mM ␤-mercaptoethanol-0.04% Tween 20 at 4°C for 18 h. After washing once with 10 mM HEPES buffer containing 1 mM EDTA, 0.1 mM EGTA, and 5 mM ␤-mercaptoethanol at 22°C and then at 30°C, the gel was incubated for 30 min in 10 ml of kinase assay buffer (50 mM HEPES, 10 mM MgCl 2 , 2 mM MnCl 2 , 1 mM dithiothreitol, 15 mM ATP, and 10 Ci of [␥-32 P]ATP). The gel was then washed five times with 5% trichloroacetic acid containing 1% sodium pyrophosphate, dried, and analyzed by PhosphorImager densitometry with ImageQuant software (Molecular Dynamics).
To assay cells for JNK activation, cell lysates were incubated for 2 h at 4°C with recombinant glutathione S-transferase (GST)-c-Jun (amino acid residues 1 to 79) (2, 55) immobilized on glutathione-Sepharose 4B beads (Pharmacia). As a positive control, cells were treated with anisomycin (10 g/ml), a known activator of JNK/MAP kinase (2). The immobilized complexes were washed and assayed for JNK activity by incubation at 22°C for 20 min in 30 l of kinase buffer (pH 7.6) containing 20 M ATP, 5 Ci of [␥-
32 P]ATP, 20 mM MgCl 2 , 25 mM HEPES, 20 mM glycerophosphate, 20 mM p-nitrophenylphosphate, and 0.1 mM NaVO 3 . The kinase reaction was terminated by addition of SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer, and the proteins were separated by 15% polyacrylamide SDS-PAGE. Incorporation of 32 P into GST-c-Jun was analyzed by PhosphorImager densitometry.
RESULTS
Ad-induced actin polymerization and morphologic changes in human epithelial cells. Previous studies have indicated that PI3K activation can promote reorganization of the actin cytoskeleton. Since Ad interaction with cells induces PI3K activation (30), we examined whether Ad interaction with adherent A549 epithelial cells also induced polymerization of cortical actin filaments. Untreated A549 cells exhibited strong peripheral F-actin staining along the cell edge, indicative of cortical actin fibers, as well as stress fiber formation in a large portion of the cells (Fig. 1A and G) . However, the addition of Ad caused a rapid polymerization of actin within the cell, and this was associated with the extension of hair-like filopodia within 10 min (Fig. 1B and C) . These processes were accompanied by cellular ruffling, with the lamellipodia eventually filling the regions between the filopodia (Fig. 1C) resulting in overall advancement of the leading edge of the membrane away from the perinuclear actin belt. After 25 min, few filopodia were still visible (Fig. 1D) . These results mimicked those which occur after the addition of EGF, a mitogenic growth factor which facilitates actin polymerization through the action of the small GTPases CDC42 (initial filopodial extension [ Fig.  1E] ) and rac (lamellipodia advance [ Fig. 1F] ) (23) . Interestingly, these downstream effects of the EGF receptor require PI3K, the heterodimeric lipid kinase previously implicated in Ad entry. Treatment of A549 cells with wortmannin, a selective inhibitor of PI3K activity, virtually abrogated filopodial extension in response to Ad (Fig. 1H) or EGF, although it did not inhibit actin assembly per se (Fig. 1I) . Altogether, these results demonstrated that Ad interaction with cells could modulate actin assembly downstream of PI3K. They also suggested that Ad interactions with cells involve the small GTPases Rac and CDC42.
In further studies, we asked whether an intact actin cytoskeleton was required for virus entry into cells. As shown in Fig. 2 , treatment of cells with cytochalasin D, a fungal metabolite which disrupts cortical actin filaments, caused dose-dependent inhibition of Ad2 internalization. Treatment of cells with cytochalasin D did not impair Ad2 activation of PI3K (data not shown), suggesting that virus-induced signaling events precede actin polymerization. Together, these studies indicate that virus-induced activation of PI3K results in the assembly of actin filaments, an event required for virus internalization.
Rho GTPases selectively promote Ad internalization. The Rho and Ras families of small GTP binding proteins are each known to be involved in PI3K activation, and direct interactions between these proteins and PI3K have been previously reported (6, 42, 48, 56) . To further define the role of these molecules in Ad2 internalization, we treated cells with C. difficile toxin B. This agent selectively inactivates the Rho subfamily GTPases by glucosylating the threonine at position 37 in Rho or at the corresponding position in Rac and CDC42 (25) . Treatment of cells with toxin B caused a dose-dependent inhibition of Ad2 internalization (Fig. 3) . The inhibitory concentrations of this agent also abrogated EGF-and Ad2-induced actin polymerization as assessed by incorporation of rhodamine-labeled phalloidin (data not shown). These findings strongly suggested that Rho rather than Ras family GTPases regulate Ad2 internalization via assembly of the actin cytoskeleton. To substantiate these findings, we transiently transfected SW480 cells with a cDNA plasmid encoding wild-type, constitutively active, or dominant-negative point mutants of Rac or H-Ras GTPases. Transfected cells expressed similar levels of the recombinant proteins as ascertained by Western blotting; however, only the dominant-negative Rac (i.e., not the wild-type or constitutively active form of Rac or Ras) inhibited Ad2 internalization (Fig. 4) . Similar results were obtained with a dominant-negative CDC42 (data not shown). In contrast, expression of a dominant-negative H-Ras failed to alter virus uptake (Fig. 4) . These findings indicate further that Rho family GTPases selectively mediate Ad2 internalization.
Ad internalization into wortmannin-treated cells is restored by expression of constitutively active Rac. Although Rho GTPases are known to modulate PI3K activity (6, 42, 48, 56) , it is uncertain whether Rho GTPases act upstream or down-stream of PI3K activation to promote virus uptake. To address this question, we transfected cells with a plasmid encoding wild-type Rac or the constitutively active form of Rac (Q61L) or a control plasmid lacking a cDNA. Forty hours later, transfected cells were incubated in the presence or absence of the PI3K inhibitor, wortmannin, and then assayed for virus inter- 
Expression of effector domain mutants of Rac/CDC42 define the pathway of Ad internalization.
In addition to their ability to regulate assembly of the actin cytoskeleton, Rac and CDC42 also promote activation of the Jun N-terminal (JNK) MAP kinase pathway (13, 34) . While the downstream targets of Rac are not well defined, mutational analysis of Rac and CDC42 has partially delineated the pathways controlling actin assembly and MAP kinase signaling (24, 28) . For example, a point mutation in Rac or CDC42 (F37A) blocks actin-associated lamellipodia formation without altering JNK/MAP kinase activation. In contrast, another point mutation (Y40C) selectively inhibits JNK/MAP kinase activity (24, 28) . We therefore transiently transfected cells with plasmids encoding these mutant Rac proteins to identify the signaling pathway of Ad2 internalization. Transient expression of either wild-type Rac or the constitutively active (Q61L) protein did not significantly alter virus uptake (Fig. 6A) . In contrast, expression of a dominant-negative Rac (S17N) or the cytoskeleton-associated Rac mutant (F37A) significantly decreased Ad internalization. Importantly, expression of the Y40C mutant did not alter virus internalization (Fig. 6A ) even though it downregulated JNK/ MAP kinase activation by anisomycin (Fig. 6C) . Consistent with these findings, Ad2 interaction with host cells also did not activate the JNK/MAP kinase pathway as measured by phosphorylation of c-Jun (see Fig. 8B ). These findings indicate that reorganization of the actin cytoskeleton rather than activation of the JNK/MAP kinase pathway plays the major role in Ad internalization. To further confirm these findings, we examined Ad internalization and gene delivery into HeLa cells stably transfected with the CDC42 F37A mutant under control of the tetracycline-inducible promoter (17) . Expression of the F37A CDC42 protein by removal of tetracycline from the culture medium inhibited both virus internalization (Fig. 7A ) and gene delivery (Fig. 7B) . These findings provide further evidence that Ad2 internalization specifically requires the host cell actin cytoskeleton which is regulated by activation of Rac and/or CDC42 GTPases.
Analysis of PAK1 activation during Ad internalization. A member of the p-21 serine-threonine kinase family, PAK1, contains a high-affinity binding site for the GTP-bound form of Rac and CDC42 (33) . Binding of Rho GTPases to PAK1 results in autophosphorylation and activation of the kinase, and this can lead to reorganization of the actin cytoskeleton (14, 45) . However, an absolute requirement for PAK1 for actin polymerization and alterations in membrane structure has not been firmly established in all cell types (28) . To examine the role of PAK1 in Ad2 internalization, we assayed cell lysates derived from cells incubated with Ad particles or with insulin for PAK1 activity by using an in-gel kinase assay (15) . p65/ (Fig. 8A) . In contrast, Ad interaction with cells failed to stimulate PAK1 activation. These studies suggest that activation of PAK1, a known downstream effector of Rac and CDC42, is not a prerequisite for Ad internalization.
DISCUSSION
While almost all nonenveloped viruses characterized to date exploit integrins or other cell adhesion molecules (52), it is not clear how these receptors promote virus internalization and/or membrane penetration. Our current studies demonstrate that Ad interaction with cells induces polymerization of cortical actin filaments (Fig. 1) and that an intact actin cytoskeleton is required for virus entry into cells (Fig. 2 ). The precise role that actin filaments play in Ad internalization is not yet clear; however, polymerized actin could provide the mechanical force that helps sever coated pit vesicles from the cell plasma membrane (43) . A growing number of studies indicates not only that the actin cytoskeleton is required for cell motility and cell shape (8) but also that it plays a significant role in receptormediated endocytosis. The actin cytoskeleton is required for receptor-mediated endocytosis in yeast (35, 36) and has recently been reported to facilitate ligand internalization in mammalian cells (29) . Earlier morphologic studies had also suggested that actin filaments promote entry of certain enveloped viruses into polarized epithelial cells (18) as well as Ad uptake (40) .
Integrin-mediated actin assembly may also provide a stable platform for the intracellular assembly of cell-signaling complexes. Clustering of cell integrins by extracellular matrix proteins leads to activation of signaling pathways that influence cell adhesion, cell spreading, and cell motility (11) . The cytoplasmic domains of integrins have been shown to recruit several different cytoskeletal proteins (39) as well as signal transduction molecules responsible for transmitting the signals that induce specific alterations in cell morphology and function (11) . Our previous studies have indicated that Ad endocytosis via ligation of ␣ v integrins requires a cell-signaling pathway involving PI3K activation (30) . Previous studies have demonstrated that the Rho family of small GTP-binding proteins serve as regulators of PI3K activation, and direct interactions between PI3K and Rho GTPases have been reported (6, 42, 48, 56) . Our current studies indicate that Rho GTPases also regulate Ad internalization. Virus uptake was blocked by pretreatment of cells with a specific inhibitor of Rho GTPases, C. difficile toxin B, and by transient expression of dominant-negative forms of Rho GTPases. Since expression of constitutively active Rac was capable of restoring Ad internalization in wortmannin-treated cells (Fig. 5) , we deduce that the Rho GTPases function downstream of PI3K. Importantly, expression of an effector domain mutant of Rac/CDC42 that prevents cytoskeletal reorganization also blocked virus uptake and gene delivery, while mutants which lack this capacity did not. These studies indicate that the principal role of Rho GTPases in Ad cell entry is assembly of the actin cytoskeleton. Previous studies have also indicated that Rho GTPases are associated with cytoskeletal function, including formation of focal adhesion complexes following integrin clustering (11, 34) , cell invasion by certain bacteria (10) , and the morphologic changes in the actin-rich membrane protrusions known as lamellipodia and filopodia (37, 41) .
A major gap in the understanding of Rho family signaling pathways is the identity of downstream effector molecules that carry out specific host cell functions (7, 19) . A previously identified target for Rac and CDC42 is a member of the p21-serine/ threonine kinases, PAK1. Although PAK1 has recently been shown to be localized to pinocytic vesicles and cortical actin filaments in fibroblasts (14) , our current studies indicate that this kinase is not activated during virus entry. Further studies are needed to determine whether other related members of this kinase family (44) or a distinct signaling molecule(s) acts downstream of Rac/CDC42 to promote Ad internalization. In this regard, Rho kinase, a previously identified effector of Rho GTPases (1, 27) , has recently been reported to associate with clathrin-coated vesicles (53) . However, this signaling molecule has not yet been linked to ligand internalization.
Our current findings provide further knowledge of the signaling pathway involved in Ad endocytosis. A better understanding of the mechanisms involved in Ad entry may help improve the transduction of cells lacking the appropriate cell receptors (54) . Augmentation of integrin signaling processes to promote virus internalization may also allow lower doses of viral vectors to be used in certain clinical settings to reduce the host immune response to either primary or repeated administration of Ad vectors (12) .
